This tutorial review provides a short survey of anion sensing by small molecule anion receptors, molecular ensembles and chemodosimeters. The review highlights the many different sensing mechanisms and approaches employed by supramolecular chemists and the wide structural variety present in these systems.
Introduction
The development of small molecule anion sensors has been an area attracting significant attention over the last 25 years. This has been driven by the important roles anions play in biology and industrial processes, in addition to the need to produce new methods of sensing anionic pollutants in the environment.
Three main approaches have been used. Early systems from pioneers such as Paul Beer consisted of an anion-binding site formed from hydrogen bond donor groups that are arranged close to a redox-active 'reporter' group such ferrocene or a fluorescent group such as ruthenium trisbipyridyl. When an anion bound to the hydrogen bond donor array, the electronic properties of the reporter group were perturbed resulting in a change in the redox or fluorescent properties of the receptor are perturbed so allowing the anion to be detected. 1 Many sensors for anions have been subsequently developed using these principles.
Another important approach used in anion sensing is to employ a displacement assay. This method, pioneered by Eric Anslyn, 2 involves forming a complex between an indicator and a receptor via non-covalent interactions. The target anionic guest binds to the receptor and so displaces the indicator. This changes the microenvironment around the indicator resulting in perturbations to its fluorescent properties and/or colour allowing the anion to be detected. The other important mechanism by which anionic species can be sensed by small molecules is by chemical reaction generating a new species with different properties. So-called chemodosimeters can give very selective responses to particular anionic guests. 3 As interest in this area has grown, the selectivity of sensors has improved and sensors have moved out of the laboratory finding application in a number of areas including in sensing anionic species in vivo. In this tutorial review we will examine a range of different small molecule anion sensors and the mechanisms by which they operate.
Hydrogen bonding sensors
As mentioned in the introduction coupling a reporter group to a hydrogen-bonding array is an effective strategy in designing an anion sensor. 1 Gunnlaugsson and co-workers have designed and synthesised a wide variety of colorimetric and fluorescent anion sensors using this approach 4 and particularly, recently, based upon the 1,8-naphthalimide subunit. 5 For example, compound 1 was designed as a fluorescent anion sensor that functions by a photoinduced-electron transfer (PET) mechanism.
This compound contains a fluorescent 1,8-nathphalimide group tethered to an anion-binding thiourea. 6 Upon addition of fluoride or acetate anions in DMSO solution the fluorescence of compound 1 is switched off. Gunnlaugsson proposed that this is due to photoelectron transfer from the receptor unit to the fluorophore due to anion complexation increasing the reduction potential of the receptor and so making PET more favourable.
When methanol was added to the solution it disrupted the hydrogen bonds between the thiourea group and the anionic guest resulting in the fluorescence being restored. Interestingly when multiple equivalents of fluoride were added the colour of the solution in DMSO changed from a light yellow to deep purple colour. The authors showed that this was due to deprotonation of the 4-amino moiety on the naphthalimide group (due to formation of HF 2 -). Thus this sensor can operate via a dual sensing action -at low equivalents of anions the fluorescence is quenched but at high fluoride concentration there is a colorimetric response.
In 2001 in a landmark paper Miyagi and Sessler reported that a series of commercially available or 'off-the-shelf' compounds can function as colorimetric anion sensors in organic solution. 7 The authors demonstrated that a range of compounds containing hydrogen bond donor groups when dissolved in dichloromethane or DMSO would undergo significant naked-eye detectable colour changes in the presence of 100 equivalents of a tetrabutylammonium anion salt (Scheme 1). The most notable colour changes occurred upon addition of the most basic anions (Figure 1 ) suggesting that the compounds are interacting with the anions via hydrogen bonding interactions or are being deprotonated by the anionic guests. This work was important as it showed that very simple systems could be used as colorimetric sensors functioning via a charge transfer from the binding site to the chromophore.
Scheme 1 Examples of commercially available colorimetric anion sensors. A checked box indicates a naked-eye detectable change in colour is observed in the indicated solvents upon addition of 100 equivalents of the anionic analyte in question. Vilar and co-workers have used similar compounds to produce a cyanide sensor. 8 The group synthesised compounds 2 and 3 both containing a thiourea group linked to an azophenyl group. The compounds were found to respond to anions in a similar fashion. The colorimetric response of compound 2 to a range of anions is shown in Figure 2 in methanol (top) and DMSO (bottom). Interestingly in methanol the compound was found to give a selective response to cyanide resulting from a shift of the π-π* transition of the 4-nitroazophenyl group from 390 to 414 nm).
Mesoporous Al 2 O 3 films were prepared and loaded with compound 2. Below pH 9 the surface of film is positively charged and hence can interact strongly with the carboxylate moiety present in compound 2. The film was immersed in 5mM aqueous solutions of different anions and once again a selective response to cyanide was observed ( Figure 3 ) with a detection limit of 2.6 ppm. Johnson, Haley and co-workers have explored the fluorescent properties of a series of sixteen differently substituted 2,6-ethynylpyridine bisphenylurea compounds containing a range of electron withdrawing and electron donating substituents (Scheme 3). 9 From the library of compounds prepared, it was found that compound 13d containing electron-withdrawing pentafluorophenyl substituents was not emissive in its unbound state but in the presence of 1 equivalent of chloride the fluorescence was "switched on" (Figure 4 ). The authors are continuing to investigate the cause of this fluorescence. 
Excimer formation
An excimer results from the interaction of fluorophoresone in an excited state and one in the ground state and can arise either from the association between two separate species or from two parts of the same molecule. 10 The excited state energy of the resulting dimer is lower than that of the excited monomer, resulting in an emission band in the fluorescence spectrum at lower energies with respect the non-associated molecules or fragments of molecules. Excimers are often observed in the case of aromatic or heteroaromatic units containing extended conjugated π-systems, such as naphthalene, pyrene, acridine, and their derivatives, 11 which interact with one another via π-stacking pairing. Teramae and co-workers have reported a pyrenefunctionalised guanidinium receptor 16. 12 In methanol, in the presence of pyrophosphate (PPi), receptor 16 displays a broad emission band at 400 nm assigned to monomer emission and a structureless band at 476 nm due to the formation of an intermolecular excimer ( Figure 5 ) as two of the guanidinium functionalised pyrene units complex to a single pyrophosphate anion (Scheme 4). 
Interlocked systems
Various examples of anion sensing via interlocked systems, rotaxanes in particular, have been reported in the literature. A recent review by Beer and coworkers describes various examples of redox active or photoactive sensors. 13 The first example of a redox-active interlocked system (18), able to act as an electrochemical sensor for anions was reported by Beer in 2011.
14 This compound is a [2]rotaxane containing a ferrocene group attached to the isophthalamide moiety of the macrocyclic component of the rotaxane. Chloride was used as a template around which the components of the rotaxane were assembled. It was then removed in the final step of the synthesis. The rotaxane was shown to be selective for chloride over more basic oxoanions such as hydrogen sulfate and dihydrogen phosphate in More recently the same research group have synthesized and studied the first examples of redox-active ferrocene catenanes sensors that selectively respond to chloride both in solution and on self-assembled monolayers (SAMs). 15 Examples of photoactive sensors have also been recently reported. 16 In particular Smith and coworkers have described the sensing properties of a squaraine rotaxane shuttle as a ratiometric chloride sensor (19). 17 Rotaxane 19 shows a colour change from green to blue in the presence of chloride in acetone. The fluorescence emission band of free rotaxane at 698 nm decreases and a new band at 665 nm appears in the presence of chloride. Authors ascribe the observed changes in the emission properties of the 19 to the binding of chloride by the isophthalamide NH groups and the OH group present on the axle that induces a small-amplitude lateral displacement of the surrounding anthracene macrocycle away from the encapsulated squaraine station as shown in Figure 7 . An analogous rotaxane was synthesized without the OH groups and this was found not to respond colorimetrically to the presence of chloride. A chloride-sensing dipstick was also fabricated by adsorbing rotaxane 19 onto C18-coated silica gel TLC plates. As shown in Figure 8 upon immersion of the dipstick in an aqueous solution of chloride a change both in the colour and in the emission of the system is observed. The observed changes are reversible. 
Anion-pi interactions in sensing
The non-covalent interactions between an anion and an electron-deficient aromatic ring (anion-π interaction) have been theoretically described by Ballaster, 18 Mascal, 19a Alkorta 19b and Hay 20 and, since then, various examples of recognition, 21 transmembrane transport 22 and sensing 23 based on this nonclassical interaction have been reported. In particular Saha and Guha have described the fluoride sensing via anion-π interaction and charge/electron transfer, CT/ET) by a π-electron deficient naphthalenediimide (NDI), 20.
24 When a small amount of anion (0→5 equivalents) is added to a solution of 20 a colour change from colourless to orange is observed. This was ascribed by the authors to a F -→ 20 ET event depending on a strong interaction between lone pair electrons of the anion and the π * orbitals of the NDI. The orange colour was attributed to the formation of a radical species NDI
•-. Further addition of fluoride up to 30 equivalents causes a reduction of the receptor to the dianion NDI 2-resulting in a colour change from orange to pink as shown in Figure 9 . Similar behaviour was observed with a bis-amide and tetraamide receptors containing two NDI units. The presence of two NDI units allows a better selectivity and sensitivity for fluoride with the formation of a more efficient π-anion-π interaction. 
Metal complexes
One of the most useful strategies for binding anions and that allows anion sensing in competitive solvent media is the use of metal complexes. The metal can play two main different roles: it can induce a geometrical pre-organisation of the complex that results in a better host-guest complementarity, or it can act as binding site for the anion forming a strong coordinate bond. 25 An example of a colorimetric sensor for iodide and cyanide based on a coordinatively unsaturated copper(II) complex containing the tetradentate ligand 1-(2-quinolinylmethyl)-1,4,7-triazacyclononane) (21) was reported by Caltagirone and Lippolis. 26 This complex is able to recognise the presence of iodide and cyanide in MeCN because the anion is able to bind to the unsaturated copper centre and cause a colour change from light blue to dark blue, pink and green upon addition of 1 equivalent of CN Lanthanide complexes are very effective platforms for anion sensing in water. Anions can displace the water molecules that normally occupy the vacant coordination site on the lanthanide in heptadentate ligands. If the ligand bears a chromophore, anion binding to the lanthanide can cause a change in the spectral properties of the system that can be used to sense the anion.
Various examples of anion sensing via binding to lanthanide complexes have been recently reviewed by Parker. 27 For example, Parker and co-workers have described the behaviour of the europium complex 22 in sensing bicarbonate in water. 28 At pH 7.4 complex 22 is able to bind HCO 3 -with an apparent stability constant of log K = 3.85. Moreover, complex 22 is able to selectively stain the mitochondrial region of HeLa cells and to increase the image intensity upon increasing percentage of CO 2 as shown in Figure 11 . The observed increase of Eu emission intensity with pCO 2 has been attributed to an increase in the steady state bicarbonate concentration in the mitochondrial region of the cells. 
Zinc-dipicolylamine-based sensors for phosphate
Several examples of synthetic zinc(II)-complexes able to work as receptors and optical sensors for phosphate anions have been reported in the literature. In particular, the dipicolylamino (DPA) moiety is one of the most commonly employed in such systems, due to the presence of three nitrogen donor atoms, allows a good selectivity for Zn 2+ over other biologically relevant anions such as Na + , K + , Mg 2+ , and Ca 2+ , and leaves coordination sites free for anion binding. A review on anion recognition and sensing with Zn(II)-dipicolylamine complexes have been recently published by Jolliffe and co-workers. 29 A Zn(II)-DPA complex was used by Hamachi and coworkers was used as a fluorescent chemosensor (23) for phosphorylated peptides in neutral aqueous solution. 30 When the phosphorylated peptide-a, a Glu-rich peptide containing a pTyr residue (Glu-Glu-Glu-Ile-pTyr-Glu-Glu-Phe-Asp), was added in lower than 1 µM concentration to an aqueous solution of 23 at pH 7.2, an increase of 4 to 5-fold in the fluorescence emission of the anthracene moiety was observed ( Figure 12 ). On the other hand, the control peptide, differing from peptide-a only in the lack of the phosphorylation of the Tyr residue, did not cause any change in the fluorescence properties of 23. 
Boron-based anion sensors
In 1967, Shriver and Biallas reported the first chelate complex between a chelating bis-boron compound and a methoxide anion. 32 Since then, many examples of anion receptors containing Lewis acidic boron centres have been reported. 33 The first boron-based fluorescent chemosensors for fluoride recognition were reported in 1998 by James and coworkers. These compounds were aromatic boronic acids whose fluorescence is switched off upon addition of KF in 50% (w/w) methanol-water solution buffered to pH 5.5. 34 A more recent example reported by the same group of an OFF-ON fluoride sensor in water is based on a pyrene ring functionalized with a pyridyl boronic acid group (25) . 35 The excimer emission of 25 is selectively enhanced upon addition of fluoride in dichloromethane ( Figure 14) . Sensor 25 in dichloromethane is also able to extract fluoride from aqueous solution, as shown in Figure 15 ), and can be used for fluoride detection in water at sub-ppm range. Aldridge and co-workers have reported that ferrocenylboranes (26 and 27) allow colorimetric discrimination between fluoride and cyanide. 36 Upon addition of tetrazolium violet (a redox-active dye) to a solution of 26 or 27 in the presence of fluoride or cyanide in MeCN/MeOH (>100:1 v/v) a colorimetric response can be observed. The choice of oxidant dye was made such that it will oxidise the anion adduct but not the free receptor. In particular the stronger Lewis acid 26 and tetrazolium violet gives a colorimetric response with both cyanide AND fluoride, whilst compound 27 and tetrazolium violet senses fluoride but NOT cyanide under the same conditions as shown in Figure 16 . 
Halogen bonding
Halogen bonding is increasing recognized as a fundamentally important interaction in supramolecular chemistry and has been employed by Beer and co-workers in a series of novel fluorescent anion sensors 28 that employ a combination of halogen bonding and electrostatic interactions to bind anionic guests. 37 Beer found that bromo-derivative 28c
2+
and the syn conformation of the rotationally restricted iododerivative 28d 2+ form strong 1:1 complexes with iodide and bromide anions in CD 3 OD/D 2 O (9:1). Binding was accompanied by a significant fluorescence enhancement making these compounds the first examples of halogen bond chemosensors to function in aqueous solvent mixtures. By contrast no evidence of anion sensing was observed by either the protic or chloro-analogues 28a2+ or 28b 2+ .
Chemodosimeters
The "chemodosimeter approach" for the design of chemosensors takes advantage of usually specific anioninduced reactions coupled with selective changes in fluorescence or colour. 38 When an anionic substrate reacts with a chemodosimeter it can remain covalently bound to it or the anion can catalyze a chemical reaction. In both cases the product formed is different from the starting material with changes in its optical properties allowing the anion to be detected. Ahn and coworkers have synthesized an ortho-TFADA compound (29) .
The fluorescence of this compound is selectively switched on in MeCN in the presence of cyanide (Figure 15b ) due to the formation of an intramolecular hydrogen bond in the host-guest adduct (Figure 17) . 39 The authors propose the mechanism shown in Scheme 7 in which the reaction of CN -with 29 causes the formation of the negatively charged carbonyl adduct stabilized by an intramolecular hydrogen bond between the carbonyl and the proton of the sulfonamide. This results in rigidification of the sensor and consequently a fluorescence enhancement. A simple colorimetric and fluorimetric chemodosimeter (30) for fluoride recognition containing a quinoline chromophore has been reported by Bai and co-workers. 40 A colour change from colourless to yellowish-green is observed upon addition of fluoride in THF and in wet organic solution. In the same solvent the blue fluorescence of 30 turns yellowishgreen and it is switched on selectively by this anion. The addition of fluoride causes a desilylation of 30 (Scheme 8). An excited state proton transfer (ESPT) from the receptor to fluoride occurs that causes the optical changes observed. In the presence of other anionic guests no changes were observed ( Figure 18) . A further example of a chemodosimeter (31a) for fluoride recognition containing a 1,8-naphthalimide moiety was reported more recently by Wu and co-workers. 41 In this case, as shown in Scheme 9 when a moderate amount of fluoride is added to an acetonitrile solution of 31a the adduct [31a-F] -is formed. A concomitant colour change from colourless to deep blue and the switching on of the fluorescence is observed. The addition of a large excess of fluoride causes the deprotonation of 31a. At this point an in situ autoxidation occurs with the subsequent release of CN -. A new species 31b is formed which is colourless and not fluorescent. Thus, chemodosimeter 31a works as an OFF-ON-OFF ratiometric chromofluorogenic sensor for fluoride.
Scheme 9 Proposed mechanism for the spectroscopic changes of 31a in the presence of fluoride.
Displacement assays
Another strategy for anion sensing is the use of a displacement assay. In this approach the anion binding site is occupied by the signaling unit (such as a fluorescent or coloured dye) forming a molecular ensemble. The addition of the target anion to the solution containing the molecular ensemble causes the signaling unit to be displaced from the receptor. Consequently the signaling unit recovers its noncoordinating spectroscopic behaviour in solution. In order to design an efficient system the spectroscopic characteristics of the signaling unit should be different to those in its noncoordinating state; moreover the stability constant for the formation of the complex between the binding site and the signaling unit should be lower than that between the binding site and the analyte anion. This approach offers advantages such as the possibility to use a great variety of signaling units, depending on the purpose, as they are non-covalently attached to the binding site so a further functionalisation is not required. Moreover, they work well both in aqueous and organic solvents giving the possibility to tune the solvent media in order to obtain the desired K a values for the signaling subunit and the analyte with the receptor. However, this type of sensor cannot be used to imaging tissues or cells because the signaling unit is present everywhere in the solution as it is not covalently attached to the receptor. 2 One of the first examples of a displacement assay for anions was reported by Anslyn and coworkers and it shown in Scheme 10. 42 Receptor 32, based on 1,3,5-trisubstitued-2,4,6-triethylbenzene scaffold functionalised with three guanidinium moieties is able to form a molecular ensemble with 5-carboxyfluorescein 33 which has three negative charges and it is also a pH indicator. When citrate, which also have three negative charges and it is sensible to pH changes, is added to a solution of 32 and 33 in MeOH/H 2 O 3:1 (v/v) buffered at pH 7.4, 33 was displaced from the binding pocket remarkable changes in the absorbance is observed as shown in Figure 19 . This system was used to assay the concentration of citrate in soft drinks and sport drinks. More recently displacement assays have been incorporated into nanopores. Martínez-Máñez and co-workers have produced a colorimetric sensor based on MCM-41 (34) that is able to detect phosphate in water. 43 The mechanism of this assay is schematically shown in Scheme 11. Nano-sized pores in MCM-41 are functionalized with an amine and loaded with a dye (methyl red, carboxyfluorescein or methylthymol Blue) able to bind to the amine. In the presence of phosphate the dye is released in solution with the resulting colorimetric detection of the guest. The best response was observed with carboxyfluorescein as a dye. When MCM-41 was replaced by non-porous silica gel no response was observed demonstrating the role of the mesoporous 3D organized surface of the material in the sensing protocol. Gunnlaugsson and co-workers have synthesised gold nanoparticles with appended Eu(III) cyclen complexes 35 as sensors for biologically important phosphates including flavin monophosphate 37.
The functionalised nanoparticles are complexed to β-diketone antennas 36 which is bound to the Eu(III) centre and switches on fluorescence. The antenna is displaced by phosphate species such as 37 resulting in fluorescence switching off (Scheme 12) in buffered aqueous solution. Sessler, Lee and co-workers have decorated gold nanoparticles with calix [4] pyrrole derivative (38) (Scheme 13). 45 A fluorescent dye displacement assay using tetrabutylammonium-2-oxo-4-(trifluoromethyl)-2H-chromen-7-olate (39) as fluorophore allows the detection of fluoride in dichloromethane. When compound 39 is bound to the functionalized nanoparticle its fluorescence is quenched, but when fluoride is added, compound 39 is displaced by the anion and its fluorescence is restored, as shown in Figure 20 (bottom). Martínez-Máñez, Rurack and collaborators have proposed a modification of the conventional displacement assay concept describing a QDA (Quencher Displacement Assay) using terpyridine (40) and sulphorodamine B (41) anchored onto the surface of silica nanoparticles. 46 The idea is to use a mediator (i.e. a quenching metal ion) which is at the same time a good binder for the anion and a quencher for the fluorophore. As shown in Scheme 14, when a cation is bound to the terpyridine a quenching of the fluorescence of the fluorophore occurs. Upon addition of anions, as the metal cations have higher affinity for the anionic guest than for terpyridine, the fluorescence is restored. In particular, when Pb 2+ is added to the system, only H 2 PO 4 -is able to revive the sulforhodamine fluorescence in MeCN allowing the detection of this anion in concentrations as low as 5 ppm. Anion sensing using arrays of receptors One of the most exciting developments in molecular recognition and sensing in recent years involves the design of arrays and assays for pattern-based recognition of analytes in solution. Sensor arrays are based on the combination of different synthetic receptors, not necessarily selective for a specific substrate, that can give a combined fingerprint response unique for a given analyte. 47 Anzenbacher and coworkers have recently prepared an array for multianion detection in water using eight sensors based on N-confused calix [4] pyrrole (42), regular calix [4] pyrrole (43) (44) (45) (46) (47) (48) and receptor 49. 48 In DMSO/0.5% water (MeCN for 49) the relative affinity for sensor 42 is acetate > fluoride > pyrophosphate. Sensors 43-48 show an affinity order of fluoride > pyrophosphate ∼ acetate and low affinity for phosphate, bromide, sulfate, and nitrate. In order to increase the selectivity in read-out information, sensor 49, which shows almost equal affinity for fluoride and pyrophosphate, and which does not bind any other anion strongly, has been included in the set. The sensors have been used to fabricate an array by embedding them in polyurethane hydrogel and a qualitative and quantitative response towards different anions in aqueous solution has been evaluated. As shown in Figure 22 the colorimetric response given by the array for each anion allows discrimination. To demonstrate the utility of the system on a real-world example, identification of toothpaste samples was performed. Principal Component Analysis (PCA) and Hierarchical Clustering Analysis (HCA) permitted discrimination between different brands as shown in Figure 22 
Conclusions
The aim of this tutorial review has been to illustrate the many different mechanisms and systems that have been employed to sense anions in solution using small molecules and molecular ensembles. Other supramolecular approaches including the design and synthesis of hydrogen-bonded anion-responsive gels 50 and sensing lipid bilayer anion transport using spinlabeled anions in parallel with paramagnetic metal cations 51 whilst beyond the scope of this review offer further examples of the wide variety of techniques used to sense anionic species. Anion sensing continues to be an important goal and is being pursued by a number of research groups world-wide. We can expect the variety of methods used to sense anions to grow and the development of a wider range of anion detection methods in biological systems to be developed over the coming years.
